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ABSTRACT

The Edwards Aquifer is a large, complex groundwater system located throughout
Central Texas in association with the Balcones Fault Zone. The San Antonio and Barton
Spring segments of the Edwards Aquifer have been extensively studied in the past
because they provide groundwater resources to the largely urbanized areas of San
Antonio and Austin, respectively, and smaller communities along the Interstate 35
corridor. Previous research has been conducted on these southern and central portions
of the Edwards Aquifer system, which have characterized the structural, hydrogeological
and geochemical variations within the highly karsted region. However, the Northern
Segment of the Edwards Aquifer primarily consists of undeveloped rural land, and is
therefore lacking sufficient studies to fully understand the structural, hydrogeological,
and geochemical systems in this region.
LIDAR (Light Detection and Ranging) and remote sensing analyses have
enabled identification and delineation of spatial distribution of fractures and karstic
features visible at the surface, and provided valuable information regarding the
understanding of potential cross-communication between aquifer systems. Water quality
data from water wells of the Edwards and Trinity aquifers were extracted from the
Groundwater Database of the Texas Water Development Board. ArcGIS was utilized to
generate geochemical maps for spatial distribution and correlation purposes. Evidence
for probable cross-communication between aquifer systems is discernable when
examining the directional trend of constituents and comparing them to highly dense
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areas of lineaments and sinkhole features. Results from this study provide essential data
that can be used in the refinement of groundwater characterization for the northern
extent of the Edwards Aquifer System.
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INTRODUCTION

The Edwards Aquifer is located in Central Texas and stretches from west of San
Antonio, through Austin, and north up towards Dallas. There are three recognized
segments of the aquifer, of which this study will focus on northern extent of the Northern
Segment. The Northern Segment is found in Travis, Williamson and Bell counties. The
study area is composed of Cretaceous sedimentary formations which have been altered
by Miocene-aged Balcones faulting; the Edwards Aquifer is associated with and extends
adjacent to the Balcones Fault Zone. Balcones Faulting is the last major tectonic event
that geologically altered the formations in the study area (Hovorka, 1996), spatially
correlates with the underlying Paleozoic aged Ouachita Orogeny that extends from
Arkansas/Oklahoma through the subsurface of Central Texas to the Rio Grande and into
Mexico (Abbott, 1986). The subsurface structure originating from the Ouachita Orogeny
acted as a boundary between the subsiding Coastal Plains bordering the Gulf of Mexico
and the interior of Texas, and its instability, along with other factors, resulted in Balcones
Faulting during the Miocene (Abbott, 1986). The Balcones Fault Zone is an en echelon
normal fault zone that dips in the direction of the Gulf of Mexico. The Northern Segment
is hydrogeologically characterized by the Cretaceous aged formations of the Edwards
Aquifer, including the Comanche Peak, Edwards, and Georgetown formations (Jones,
2002). The underlying Walnut Formation and overlying Del Rio Clay act as the confining
units (Brune and Duffin, 1983; Baker et al., 1986). The faults and minor fractures of the
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Balcones have caused the major water-bearing formations to become partitioned,
increasing its ability to transfer groundwater through the aquifer (Abbott, 1986). These
faults and minor fractures likely increase the potential for cross-communication between
the Edwards and the underlying Trinity Aquifer.
Since the majority of the northern section of the Edwards Aquifer beyond the
Austin metroplex consists of undeveloped land and agriculture, the region lacks
sufficient studies of hydrogeology and structural geology. The focus of this study is to
create a more comprehensive understanding of the cross-communication between the
Edwards and Trinity aquifer systems in Bell and Williamson counties by using LiDAR
analyses of karsting and brittle deformation resulting from Balcones Faulting and
geochemical analysis of water wells from the two aquifers.
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STUDY AREA

The study area is located in the northern part of Northern Segment of the
Edwards Aquifer. This segment lies between the Colorado River in Travis County and
the Lampasas River in Bell County in Central Texas. The Edwards Aquifer, which is
divided into the Northern Segment, San Antonio Segment, and Barton Spring Segment,
is a complex groundwater system that narrowly extends from Kinney County, through
San Antonio and Austin, to the southern region of Bell County (Jones, 2002). This thesis
specifically pays attention to on the northern recharge section of the Northern Segment
with a 15 km buffer on east and west side, with the western side ending at the BellBurnett and Williamson-Burnett county boundaries (Figure 1). The northern boundary is
the Lampasas River and the southern border is the North Fork of the San Gabriel River.
With these boundaries, the study area is 1613 km2.
The State of Texas is comprised of eleven physiographic provinces that are
defined based on a unified geologic history of depositional and erosional processes
(Wermund, 1996). Specific geologic structure, rock and soil types, vegetation, and
climate, as well as significant contrasts in elevation and landform shapes between each
province can characterize each individual physiographic province. The study area is
located at the boundary of two physiographic provinces, the Blackland Prairie and the
adjacent Edwards Plateau (Figure 2). It is surrounded by the Oak Woods and Prairies to
the east and north as it interfingers with the Blackland Prairies. The Llano Uplift (Central
Texas Uplift) is located to the west and to the south is the South Texas Brush Country.
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Figure 1. The study area, seen in green, is located at the boundary of Bell and
Williamson counties, with major cities and major roads.
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Figure 2. The study area is marked with a red outline is located at the transition zone of
two physiographic regions: the Edwards Plateau and the Blackland Prairie.
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The Edwards Plateau is bounded by the Balcones Escarpment to the south and
east, with its most prominent area being a broad plateau and the Hill Country (Wermund,
1996). The landscape stretching from Waco to Del Rio has been shaped by stream
erosion of the fault escarpment (Wermund, 1996). Cretaceous limestone is the primary
lithology of the Edwards Plateau, and local stream entrenchment dominates the
landscape. The upper drainages of streams are largely waterless draws that open into
box canyons where springs provide permanently flowing water (Wermund, 1996). Due to
the limestone formations, karst features such as sinkholes and cave networks are
common throughout the Edwards Plateau. The study area is dominated by clays and
clay loams on the surface and clay rock in the subsurface. Typically, only 25 cm of soil
overlays the solid limestone. Due to the large size of the Edwards Plateau and its large
geographical range, the vegetation includes a wide variety of hardwood trees such as
live oak, Texas oak, honey mesquite, ashe juniper to many types of tall, medium, and
short grasses (“Trees of Texas”, 2014).
The main part of the Blackland Prairie stretches from south of San Antonio to the
Texas-Oklahoma boundary in the northeast section of the state, and is bounded in the
south, north, and northwest by oak woodland (TPW, 2016). Just like the Edwards
Plateau, the Blackland Prairie is primarily underlain by Cretaceous limestones. The
variety of the limestone produces a productive soil characterized by black, calcareous,
alkaline, heavy clay soils (TPW, 2016). The vegetation is dominantly annual and
perennial grasses, as well as live oaks.
Since the study area is located in the transition zone of two physiographic
provinces, the land use in the study area varies from east to the west with Interstate 35
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being the approximate boundary in the middle. There is a change from urban
development and agriculture in the fertile soils of the Backland Prairie in the east to
mining, ranching, and wildlife preservation in the Edwards Plateau to the west.
Due to its size, climate varies significantly across the State of Texas. The state is
comprised of ten climate divisions identified by the National Climate Data Center, which
range from wet and humid in the east to dry and arid in the west (Vaughn et al., 2012).
The study area is located in a region dominated by a sub-humid climate with an average
annual precipitation value being approximately 50 to 76 cm. From April to June and
September to October the state receives the majority its precipitation, whereas from July
to August it receives the least (Jones, 2003).
Within the State of Texas, groundwater has many uses, including: industrial,
agriculture, and domestic. Aquifers supply approximately 80 percent of water used by
agriculture; 28 percent of the public water is supplied by aquifers; and almost all drinking
water for the rural population is retrieved from aquifer systems in the state (TGPC,
2014).
The EPA created an Integrated Climate and Land Use Scenarios Interactive
chart, which predicts major population growth, especially in the surrounding the City of
Austin. Figure 3 displays the projected growth occurring north of Austin and within Bell
and Williamson counties (outlined in red) from 2010 to 2100. By 2100, Austin has
merged with Round Rock and Georgetown, subsequently filling the majority of
Williamson County with urban development. Increased demands for water will occur as
the urban corridor in Central Texas grows, which will cause heavy exploitation of both
the Edwards and Trinity aquifers (Stafford and Arens, 2014). This expected population
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Figure 3. Integrated Climate and Land Use Scenarios Interactive chart displaying the
study area. Red outline of Bell and Williamson counties (modified from U.S. EPA, 2009).
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growth is also supported by Figure 4, which projects the Austin and San Antonio
metroplexes to have a high steady increase for the next several decades.

Geologic Setting
Cretaceous strata is the dominant lithology found both on the surface and in the
subsurface in Central Texas. Approximately 110 mya on the Comanche Shelf in lee of
the Staurt City Reef, sedimentation began in the study area (Collins, 2005). The
Edwards Aquifer, which is comprised of Cretaceous aged formations and located in
Central Texas, is known as a highly productive limestone aquifer. The high productivity
of the Edwards Aquifer originates from the karsting processes that were intitiated and
influenced by the Tertiary Balcones Faulting. In the study area, the Edwards Aquifer is
made up of the Edwards Group, which consists of three members. The Comanche Peak
Formation, the Edwards Formation, and the Georgetown Formation. Depending on the
location, the Edwards and Comanche Peak formations are also part of the
Fredericksburg Group, and the Georgetown Formation is a member of the Lower
Washita Group. The complex geologic history of the State of Texas consists of
numerous regressions and transgressions, mountain building episodes, as well as
subaerial exposures; all briefly summarized below.
During the Precambrian, plate collisions and resulting metamorphism produced
massive granitic intrusions and mountains during what is now known as the Grenville
Orogeny (Figure 5) (Walker, 1979). Today, these form the basement rocks of the
northwerstern boundary of the Edwards Plateau and are exposed in the physiographic
province of the Llano Uplift. Fine- to coarse-grained sediments eroded and deposited in
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Figure 4. Graph displaying the historic and projected population growth of the Urban
Corridor, which includes the study area, with comparisons to the rest of the United
States and the state of Texas (from Stafford and Arens, 2014).
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Figure 5: North America during Late Precambrian (550 mya) (from Blakey, 2010).
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thick sequences in the present day location of Texas. From late Cambrian to early
Ordivician, Central Texas experienced a transgression with deposition of the Ellenberger
carbonates. By middle to late Ordivician, deposition ceased when the Edwards Plateau
region experienced uplift and subaerial exposure (Walker, 1979). In the Mississippian,
Texas experiened both a transgression, which created thick limestone sequences, and a
regression, which created an unconformity. This transgression-regression sequence was
a part of the sloss sequence and named Kaskaskia (Sloss, 1963). This unconformity
was covered by Pennsylvanian deposits as seas trangressed again. During the late
Pennsylvanian to the early Permian, most of Texas experienced gradual tilting towards
West Texas and the Tobosa Basin (Walker, 1979). Late Mississippian to early Permian
periods experienced a collision of the North American, European, South AmericanAfrican continental plates (Anaya and Jones, 2009). This tectonic event, known as the
Ouachita Orogeny, formed the Ouachita mountain range through uplift, faulting, and
folding of the Paleozoic landscape (Figure 6) (Anaya and Jones, 2009). The Ouachita
Mountain range stretched from southern Oklahoma and Arkansas, through Central
Texas, and into northern Mexico. The hinge line of the Ouachita Orogeny range became
the ancestral zone for subsequent weakness for faulting occurring in the Miocene.
In the Triassic, the Ouachita Tectonic Cycle began to die out, which initiated a new
major event: the Gulfian Cycle (Anaya and Jones, 2009). This tectonic event caused
rifting and separated the European-African plates from the North American-South
American plate, forming the proto Atlantic Ocean. Prior to this event, drainage direction
was towards the northwest into the Permian inland seas, but rifting caused the landcape
to drain into the developing Gulf of Mexico in the southeast (Anaya and Jones, 2009).
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Figure 6. North America during Permian. Ouachita Thrust and Fold Belt represented by
red outline (275 mya) (from Blakey, 2010).
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The Jurassic period of the study area was represented by a subaerially exposed region
that experienced erosion of Triassic and Paleozoic sediments, forming the rolling
landscape of the Wichita Peneplain (Walker, 1979). The Ouachita Mountains, once a
topographic high, experienced extensive erosion durning the Jurassic period and
evidence of its existience within the State of Texas is only present in the subsurface
(Flawn, 1958). Towards the end of the Jurassic, southeast tiliting of the region and
formation of Gulf of Mexico allowed for development of new Cretaceous contintneal shelf
deposits. Continued subsidence and widening of the Gulf of Mexico caused a broad
epicontinental sea, the Western Interior Seaway, to transgress into the region (Walker,
1979).
Cretaceous seas transgressed from the southeast forming a broad contintetal,
carbonate shelf called the Comanche Shelf (Figure 7 and 8). With the Llano Uplift acting
as a structural shelf, the Cretaceous aged Trinity Group sediments were deposited at the
base of the ulpift. Three transgression-regression events associated with the Zuni
sequence, occurred during the time of deposition of the Trinity Group sediments, which
underlies those of the Frederickburg Group (Sloss, 1963). The Stuart City Reef was
located adjacently northeast of the Gulf of Mexico and approximately 250 km from the
persent day Gulf Coast of Texas (Figure 8) (Anaya and Jones, 2009). Situated southeast
on the Comanche Shelf, the Stuart City Reef acted as a long protective barrier for the
accumulation of carbonate platform deposits of the Fredericksburg and Washita Group.
The depositional settings of these lower Cretaceous sediments in the Texas
region were dominantly marine-shelf and shelf margin (Collins, 2005). The Comanche
Shelf covered almost all of Texas and was made up of smaller platforms such as the
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Figure 7. Paleogeographic map of North America during Cretaceous (115 mya) (from
Blakey, 2010).
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Figure 8. Regional features influencing deposition of Edwards strata on the Comanche
Shelf (modified from Bryant, 2012).
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San Marcos Platform, Devils River Platform, Central Texas Platform, and the Coahuila
Platform, which influenced sedimentation parameters (Figure 8). Two additional controls
were the Maverick Basin in the southwest and the North Texas-Tyler Basin in the
northeast (Figure 8) (Amsbury et al., 1979). The lower Cretaceous carbonate sediments
of the Edwards Plateau underwent initial dissolution and karsting as the region was
subaerially exposed prior to deposition of the upper Cretaceous sediments (Anaya and
Jones, 2009).
The Gulf of Mexico Basin is characterized by regional uplift and heavy
accumulation of sediments in the mid-Tertiary. Along with tension resulting from the
sediment loading, Basin and Range extension and salt migration in the Gulf of Mexico
contributed to fracturing and faulting in the region (Stafford and Arens, 2014). In the
early Miocene, the ancient Ouachita fold and thrust belt experienced tensional stress
and caused major regional faulting, known today as the Balcones Fault Zone (Anaya
and Jones, 2009). It extends from the City of Del Rio in southwest Texas, towards San
Antonio where it bends northward through Georgetown and Waco, and continues north
towards Dallas. The sediments affected by the Balcones Fault Zone formation were
displaced approximately 180 meters along narrow zone of en echelon normal faults
(Collins, 2005). The displacement of the Balcones Faulting formed two regions: (1) the
upthrown Edwards Plateau in the west, and (2) the downthrown Texas Coastal Plain to
the east (Collins, 2005). Stream gradients increased from the faulting, which increased
the erosion and incision rate, and helped create the present topography if the study area
(Collins, 2005).
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Stratigraphy
The study area is dominated by approximately 600 m thick Cretaceous strata
deposited 110 mya to 80 mya on a southeast dipping marine shelf (Figure 9 and 10)
(Collins, 2005). The lower and upper Cretaceous formations originated from seven, thirdorder depositional sequences that began in the Albian and continued to the Campanian
chronostratigraphic stages (Collins, 2005). These depositional sequences contain
transgressive facies and are underlain / overlain by unconformities. The lowermost unit
in the study area with karst features is the upper Glen Rose Limestone (Figure 9 and
10). The units overlying the Glen Rose are the Paluxy siliclastic sediments, Walnut and
Comanche Peak rocks, and Edwards carbonate facies. These units are overlain by
another third depositional sequence, the Georgetown deposits (Collins, 2005). Del Rio
Clay, Eagle Ford Shale, Austin Chalk and Taylor Marl comprise the Upper Cretaceous.
The formations of the lower and middle segment of the Trinity Aquifer are not
found within the study area; however, they do play a role in the construction of the
aquifer. The lowermost unit of the Lower Trinity Aquifer is the Hosston Formation, which
overlies the Paleozoic unconformity (Figure 9). Siliclastic siltstone and sandstone
dominates the updip section of the Hosston, whereas downdip there is dominantly
dolomitic mudstone and grainstone (Barker et al., 1994). The second formation found in
the Lower Trinity and overlying the Hosston is the Sligo Formation. Deposited in a
supratidal environment, the Sligo consists of carbonates such as limestones, dolostones,
and evaporites (Barker et al., 1994). The Hammett Shale overlies the Sligo Formation
and acts as a confining unit between the Lower and Middle Trinity (Jones et al., 2011).

18

19
Figure 9. Geologic map of the study area, collected data from the USGS.

Figure 10. Generalized stratigraphic column of the study area (modified from Collins,
2005 and Jones, 2003).

20

Cow Creek Formation overlies the Hammett Shale and is the lowermost
formation in the Middle Trinity. This beach deposit changes upwards from a coarse- to
fine-grained calcareous sandstone, a silty calcareous limestone, and to a fossiliferous
calcareous sandstone (Jones et al., 2011). The second formation in the Middle Trinity,
overlying the Cow Creek, is the Hensell Sand. Updip, the formation is dominantly poorlycemented clay, quartz, and calcareous sand and chert. Downdip, the Hensel Sand turns
into the Bexar Shale Member, which is a shallow marine deposit (Barker et al., 1994).
The uppermost formation of the Middle Trinity is the Lower Glen Rose Limestone. The
Glen Rose, the basal unit of the study area, consists of limestone, argillaceous
limestone, and dolomitic limestone. It ranges from packstone, wackestone, and lesser
grainstone textures (Collins, 2005). The unit is informally divided into the lower and
upper Glen Rose throughout central Texas by one to three thin beds containing the
bivalve Corbula (Collins, 2005). Some beds in the formation contain karst features and
have vuggy porosity. Originating in a shallow marine to intertidal environment, the Lower
Glen Rose is characterized by fossiliferous dolomitic limestone, dolostones, and
limestone.
The Upper Trinity Aquifer is made up of two formations, the Upper Member of the
Glen Rose and the Paluxy Formation. The Upper Glen Rose is composed of marl,
limestone and dolostones, which were deposited in sequences of alternating layers. The
Paluxy Formation overlies the Upper Member of the Glen Rose Formation, and is
characterized by quartz sand, sandy clays, and sandy fossiliferous limestone (Jones et
al., 2011).
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Overlying the Paluxy Formation is the Walnut Formation, which is subdivided into
six members ranging from 9 to 15 m thick: Bull Creek Limestone, Bee Cave Marl, Cedar
Park Limestone, Whitestone Limestone, Keys Valley Marl, and Upper Marl (Collins,
2005). Bee Cave Marl and Keys Valley can be found in the study area. Textures range
between mudstone, packstone and wackestone and the carbonate formation includes
various fossils such as echinoids, oysters, and clams. The Walnut Formation does not
host strata that are considered part of the Northern Edwards Aquifer system due to low
permeabilities; however, some limestone intervals contain significant porosity and can
contribute to aquifer recharge (Collins, 2005).
Comanche Peak Formation overlies the Walnut Formation. This nodular,
fossiliferous limestone ranges in thickness from 12 to 21 meters and is defined as the
bottom unit of the Northern Edwards Aquifer. Textures present are wackestone and
packstone (Collins, 2005). The Edwards overlies the Comanche Peak.
The Edwards Formation, also referred to as the Edwards Limestone, is a
dominantly limestone formation that was deposited 110 mya to 80 mya on a southeast
dipping marine shelf (Collins, 2005). This Cretaceous-aged formation stretches from
northeast Texas, through Central Texas and beyond the Mexican border. The Edwards
Formation found in Central Texas has been extensively studied due to its presence in
the Edwards Aquifer, which is a large, complex groundwater system located throughout
Central Texas in association with the Balcones Fault Zone. The Edwards Formation is
sometimes referred to as the Edwards Group, depending on location and on the
formations or members included. It is typically characterized by thick-bedded to massive
limestone, dolomitic limestone, dolomite, and some argillaceous limestone. Textures
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range between grainstone, wackestone, and packstone. Thinning northward, the
Edwards is subdivided into four lithological-based members: 1) the lowermost member
consists of intervals of thin- to thick-bedded, chert-rich, porous dolomite and limestone;
2) an interbedded unit of thin- to thick-bedded siliceous limestone and thin-bedded,
flaggy limestone; 3) a nodular, argillaceous limestone with abundant fossils and burrows
and marl unit; 4) a upper unit of thin to thick limestone with partial to full dolomitization
(Collins, 2005). The depositional environment of the Edwards Formation ranges from
subtidal to tidal flat.
The top unit of the Edwards Aquifer and overlying the Edwards Formation is the
Georgetown Formation. The formation is made up of argillaceous limestone, fossiliferous
limestone, and minor layers of marl. Textures present include wackestone, grainstone,
and packstone. Thickening northward from 18 to 34 meters, the Georgetown includes
minor bivalves and vuggy porosity (Collins, 2005).
Del Rio Clay acts as the confining top layer of the Edwards Aquifer. An
unconformity is registered between the Del Rio and the underlying Edwards Group of the
Lower Cretaceous. The Del Rio is highly fossiliferous and contains silty clay that
includes thin sandstone and limestone lenses (Lock et al, 2007).
Eagle Ford Group overlays the Del Rio Clay and consists primarily of shale
interbedded with limestone and siltstone in the middle section (Yelderman, 2013). The
Formation acts a confining unit and contributes overland flow to surface streams in the
study area (Yelderman, 2013).
Following the Eagle Ford, the Austin Chalk was deposited on a carbonate ramp
in shallow marine setting during a highstand sea level state (Pearson, 2012). It contains
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interbedded chalk and marl and ranges in thickness from 90 to 120 meters (Yelderman,
2013). The formation is comprised of three different lithologies: 1) mud with allochems
and minor amounts of clay minerals; 2) fine sand and silt rich in planktonic foraminifers,
calcispheres, and comminuted benthic skeletal material; and 3) medium- to coarsegrained sand including fragmented benthic skeletal material (Grabowski, 1984).

Balcones Fault Zone
The Balcones Fault Zone is spatially-aligned with the subsurface structures that
originate from the Ouachita Mountain Belt. In the late Paleozoic, the African-South
American and European plate collided with the North American plate forming Pangea
(Morris, 1974). The collisional-subductional event deformed Paleozoic sedimentary
rocks, forming the Ouachita Mountains that extended across present day Texas and
sinuously extend northward (Flawn, 1959). The stability of the Llano Uplift and inland
area caused the Ouachita to generally trend southwest-northeast from Dallas to San
Antonio and then west-east from San Antonio to Del Rio (Morris, 1974). Rifting in the
Triassic broke apart Pangea and narrow rift basins formed that eventually developed into
the Gulf of Mexico. Weathering eventually eroded away the Ouachita Mountains in
Texas; the only evidence of their presence in Texas are subsurface structures (Flawn,
1958). Massive amounts of Cretaceous sediments were deposited in the Gulf Coast
Coastal Plains that stretched from the coast to Central Texas (Morris, 1974).
The chronological events of the Balcones Fault Zone are unknown. Many factors
influenced the formation of the Balcones Faults Zone. Approximately 25 to 5 mya,
Central Texas began to tectonically activate from a combination of the massive amounts
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of sediments and continuous rifting and subsidence of the Gulf of Mexico. The presence
of Jurassic Salt in the subsurface could also have had a part in movement of Mesozoic
and Cenozoic sediments in the Gulf Coast coastal plains (Collins, 2005). Downdip
slippage and extension of the sediments caused en echelon normal faults to form. Fault
trends of the Balcones Fault Zone occur on the same fault of the dormant tectonic
subsurface structures of the Paleozoic Ouachita Orogen.
The faulting caused uplift of the Edwards Plateau and disrupted the lateral
continuity of Cretaceous strata east of the Edwards Plateau (Figure 11) (Collins, 2005;
Baker et al, 1996). Faults in the San Antonio region generally have an average strike
ranging 55 degrees to 65 degrees. Local measurements indicate the dip of the faults to
be considered steep to nearly vertical (Ferrill and Morris, 2008). Though considered
uncommon, monoclinal and anticlinal folds have been documented.
Some faults have vertical displacement gradients that diminish upwards into
monoclinal folds in less competent strata (Ferrill and Morris, 2008). Most fracturing in the
Balcones is thought to have occurred during the late Oligocene or early Miocene
(Collins, 2005). Displacement of faults form new hydraulic pathways that affect the
permeability structure of the groundwater system (Figure 11).
The Edwards Aquifer lies within an intricate part of the Balcones Fault
Zone (Hovorka, 1995). Across the aquifer, as seen in figure 11, series of en echelon
normal faults occur with 30 to 260 m throws and 430 to 560 m composite displacement
(Hovorka, 1995). Between the individual en echelon normal faults there are relay ramps,
also referred to as transfer zones, which act as a connection between the units of the
aquifer (Figure 9). Permeability distribution is impacted by associated fractures related to
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Figure 11: Cross section of the Northern Segment of the Edwards Aquifer (modified from
Jones, 2003).Vertical scale is in meters.
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the minor faults and minor related ramps within the major fault-bounded blocks
(Hovorka, 1995; Collins, 2005).

Hydrogeology
The Edwards Aquifer is divided into three hydrogeologically distinct segments:
the Northern Segment, the Barton Springs Segment, and the San Antonio Segment
(Figure 12). The Northern Segment underlies, from south to north, parts of Bell,
Williamson, and Travis counties. In Bell County, the segment is bounded by the
Lampasas River, and in Travis County the segment is bounded by the Colorado River
(Jones, 2003). Groundwater chemistry indicates that the unconfined aquifer in the west
holds less saline and younger groundwater, whereas the confined aquifer in the east
holds older groundwater with high salinity levels (Jones, 2003). The boundary separating
the freshwater and saline water is known as the bad water line, and the saline water in
the east is located in the bad water zone (Longley et al., 1998). Water within this zone
has TDS values that are higher than 1,000 mg/l (Langley, 1998).
For this thesis, the northern extent of the Northern Segment of the Edwards
Aquifer was investigated and specifically focuses on the area extending from the
northern fork of the San Gabriel River in Williamson County to the Lampasas River in
Bell County. This section is comprised of the Fredericksburg and Washita Group, which
consists of the Comanche Peak, Edwards, and Georgetown formations (Jones, 2003).
The Edwards Aquifer is underlain and overlain by confining units: the Walnut Formation
below and the Del Rio Clay above. Due to the lithology in the area, karsting is present to
varying degrees and it allows for rapid recharge of the aquifer system.
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Figure 12. Location of the Edwards and Trinity aquifer seen in the upper left inset map.
The three hydrogeological segments of the Edwards Aquifer are marked in the zoomed
in figure.
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The Edwards Limestone is the main water-bearing unit in the aquifer. Ranging
from 18 to 24 meters from the base of the formation, there are solution collapse zones
located parallel to the bedding planes that formed from dissolved gypsum beds (Jones,
2003). Hydrological connections between the Edwards and the overlying Georgetown
are common. Groundwater flows through the previously mentioned solution collapse
zones as well as in complexes of steeply dipping faults and joints that originate from the
Balcones Fault Zone (Jones, 2003).
The dominant structural features in the Northern Segment are regional dips and
the Balcones Fault Zone. Between the Paleozoic and Cretaceous formations there is an
angular unconformity, which formed during the time of the Ouachita Mountains when
there was a shallow inland ocean west of the study area. As a result, the underlying
Paleozoic formations dip westwards whereas the Cretaceous dip southeast, because the
mountains had eroded by the Cretaceous and water typically flowed toward the
developing Gulf of Mexico (Jones, 2003;). The dip of the Cretaceous rocks typically
increases with depth, with dips ranging from 3 m/km to 91 m/km (Jones, 2003). Joints
and fractures of the Balcones Fault Zone occur adjacent to major faults and within the
Edwards Group there is a dominance of normal faulting. With less than two meters of
displacement, these minor faults typically form fracture zones that range in width up to
two kilometers with fracture densities ranging from 6 to 120 joints per 30 m (Jones,
2003). Groundwater is controlled by fractures and faults in three different ways: 1) faults
supply preferential flow paths, 2) faults act as barriers or 3) hydrologically connected
units are made when a fault displaces solution-enhanced zones. Solution cavities are
the result of this groundwater flow along faults, joints and bedding planes.
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The potentiometric surface in the Northern Segment mostly decreases in the east
and south; the hydraulic gradient typically decreases east of the main faults. The
potentiometric surface within unconfined parts is typically located less than 30 m below
the surface and may approach the surface along incised streams (Jones, 2003). In
confined portions of the aquifer, the water table can exceed the surface. As a result of
restricted flows from west to east and preferential groundwater flow paths, the Edwards
Aquifer is defined as being anisotropic (Jones, 2003). Facies change, secondary
porosity, and fracture density results in variable hydraulic properties for the aquifer. The
Edwards Group experiences a range in transmissivity levels from 0.05 to 4x105 m2/day
(Jones, 2003). Transmissivity is generally higher in the central part of the aquifer due to
higher fracture density with hydraulic conductivity values ranging between 0.003 m/day
to more than 9,000 m/day, median and geometric mean values are 3 m/day (Jones,
2003).
There are two primary methods of recharge for the Edwards Aquifer: 1)
precipitation is infiltrated in faults and joints that intersect streams, and 2) infiltration of
precipitation that falls directly on the aquifer outcrop (Jones, 2003). The recharge zone in
the study area is characterized by rolling terrain of the Lampasas Cut Plain (Jones,
2003). The cut plain formed due to southeast drainage of Central Texas, creating a
varied topographic landscape of flat-topped hills and sloped lowlands (Bollaert, 1950).
As a result of low-permeability shale members, infiltrated water is inclined to be collected
in the Georgetown region with discharge from lateral flow in springs and seeps (Jones,
2003). The main sources of discharge in the aquifer are pumping, spring and seep
discharge, and cross-formational flow (Jones, 2003). Due to only being moderately-
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developed anthropogenically, the Northern Segment experiences a greater natural
discharge than pumping (Jones, 2003). Municipal and rural domestic withdrawals are the
primary usages for pumping in the Northern Segment.
A hydrological divide is created by the Brazos and Colorado river basins that
separates the Northern Segment from the two southern segments. This hydrological
divide corresponds with the boundary between Travis and Williamson counties. Surface
water present in Bell and Williamson counties flow east and northward towards Brazos
River, whereas surface water in Travis County flows in a southward direction to the
Colorado River (Jones, 2003). Salado Springs is associated with Salado Creek, which
runs through the Northern Segment and receives discharge from the aquifer. Within the
Northern Segment there are numerous smaller springs, that include: Hodge Place
Spring, Groves Spring, Indian Camp Spring, Willingham Place Spring, and Willingham
Church Spring (Jones, 2003).
As mentioned previously, the Trinity Aquifer is divided into a lower, middle, and
upper aquifer and is composed of Trinity Group sediments. Cow Creek Limestone,
Hensell Sand, Lower Glen Rose, and Upper Glen Rose (Figure 10) (Jones et al., 2011).
There are three primary sources for recharge of the Trinity Aquifer: 1) precipitation on
the outcrop, 2) lakes during increase in water level, and 3) headwater creeks that
experience seepage (Jones et al., 2011). Another method of recharge is by percolation
through karst features in karsted formations; however, transmission of this recharge to
the Edwards Aquifer is high. In the Middle and Upper Trinity aquifers there are four
primary methods of discharge: 1) transmission to the Edwards Aquifer through
subsurface flow and leakage, 2) stream and spring discharge, 3) vertical leakage, and 4)
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aquifer pumping. Vertical leakage and pumping are the primary discharge events of the
Lower Trinity Aquifer. Hydraulic properties of the Trinity Aquifer vary significantly due to
its large size both vertically and horizontally. Within the Lower Trinity, hydraulic
conductivity ranges from 0.5 m/day in the northwestern part of the unit to 5.1 m/day in
the southeastern part of the unit. In the Middle Trinity, it varies from 2.3 m/day in the
northwest to 4.6 m/day in the southeast. Hydraulic conductivity in the Upper Trinity
varies from 45 m/day along the aquifer boundary, 4.5 m/day in the northwest, to 2.7
m/day in the southeast (Jones et a., 2011). Lateral movements of water from the Trinity
Aquifer to the Edwards Aquifer occur between the Glen Rose Limestone and the
Edwards Group. Several studies suggest cross-formational flow accounts for 5050
hectare-meters per year, or 6 percent, of the total recharge from the Trinity to the
Edwards (Woodruff and Abbott, 1986).
The quality of groundwater is defined by the geochemical composition. The badwater line is defined by the downdip margin of the aquifer, and represents the
easternmost extent of freshwater in the aquifer (Jones, 2003). Fault displacement with
total dissolved solids (TDS) levels greater than 1,000 mg/L restricts the groundwater
circulation east of the bad-water line (Jones, 2003). Mineralization of groundwater
increases as it flows through the outcrop recharge zone to the eastern downdip portions.
TDS ranges in the zone of recharge from 200 to 400 mg/L and typically increases
downdip to more than 3,000 mg/L (Jones, 2003). In the south, saline groundwater
occurs within a distance of two to three km from the recharge zone, whereas in the north
it occurs more than 16 kilometers from the recharge zone where faulting is less intense
(Jones, 2003).
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Karst
There are three principal genetic settings in which karst develops: 1) eogenetic
(syngenetic) karst forms in regions where diagenetically immature rocks have never
been buried beyond the range of meteoric diagenesis and thus retain high primary
porosity and permeability; 2) hypogenic karst forms in diagenetically mature rocks that
have been buried to sufficient depths and removed from meteoric processes by
overlying low permeability strata, thus karst development is the result of dissolution
driven by a mixed convection system (i.e. free and forced convection) resulting from
confined to semi-confined aquifer conditions; and 3) epigenic (hypergenic) karst that is
formed in diagenetically mature rocks that have been exposed to meteoric processes by
uplift and denudation where dissolution is driven by gravity and pressure gradients
established in an unconfined aquifer system (Figure 13) (Klimchouk, 2007).
Epigenic and hypogenic processes can be found in the Edwards Limestone. Two
significant events acted as the principal contributors for karst development. The San
Marcos Platform uplift is the first event, occurring in the Late Early Cretaceous (Late
Albian), leading to erosion, meteoric water dissolution, and the formation of karst (Cole
et al., 2004). The second event occurred in the Miocene and is the Balcones Faulting
(Barker et al., 1994). Differential displacement resulting from the Balcones produced
more than an average uplift of 300 meters causing post Early Cretaceous sediments
from the Trinity and Edwards to be denuded (Cole et al., 2004). This event uplifted the
Edwards strata and exposed it to meteoric water circulation, causing leaching of
dolomite and evaporite minerals (Cole et al., 2004).
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Figure 13. Epigenic and hypogenic flow (from Klimchouk, 2007).
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METHODOLOGY

Methodology for this study includes several main components: 1) delineate
geological structures through analyses of LiDAR data and digital imagery including
lineament and sinkhole analyses; and 2) analyze geochemistry data and aquifer water
table elevations retrieved from water wells to understand potential aquifer crosscommunication.

GIS
Advanced modeling and analysis of terrain data is possible due to major
improvement within the field of GIS (Geographic Information Systems) and increased
precision of geographically-referenced data. Photogrammetry and field tests are
traditional methods of accurately collecting data; however, both are considered to be
time-consuming and physically constraining. One method used when working with
elevation models is the use of Airborne Light Detection and Ranging (LiDAR) (Liu,
2008).

LiDAR
LiDAR is an “optical remote-sensing technique that uses laser light to densely
sample the surface of the earth, producing highly accurate x, y, z measurements” (ESRI,
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2016). ArcGIS is capable of manipulating massive volumes of mass cloud datasets
yielded from LiDAR system components (Figure 14, left): a Global Positioning System
(GPS), an aircraft or helicopter, laser scanner system, and an inertial navigation system
(INS) (ESRI, 2016). These components have the ability to measure ranges from the
laser scanner system to the surface within a certain width under the aircraft. The range
to the ground is determined by the time it takes from the LiDAR return to reach the
terrain surface and return to the system onboard the aircraft. The width of the scan is
dependent on individual assignments, weather, and preferred point density and spacing.
In a four-returns LiDAR system, they are categorized as: (1) first return, measures tree
canopy, (2) lower branches or vegetation, (3) and (4) ground or bare Earth (Figure 14,
right) (Fugro, 2011).
LiDAR data used for this thesis study were captured in 2007 and 2015 for
Williamson County and in 2011 for Bell County by TNRIS. LiDAR files for Bell County
were the StratMap 2011 50cm Bell, Burnet, McLennan and the files for Williamson were
the CAPCOG 2007 140cm or City of Georgetown 2015 50cm; 494 LAS point cloud files
are used for this study. Due to the large volumes of LiDAR files acquired for this study, it
was deemed best to create a LAS dataset. An LAS dataset allows for fast access to
large datasets of LiDAR data without having to import or process it. Using the LAS files
from the two counties, the dataset makes it easy to investigate surface data from large
volumes of LiDAR quickly. LAS datasets were made for each of the counties, as they
were not captured in the same unit: Bell is in meters and Williamson is in feet for height
measurements.
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Figure 14. Left: Illustration of components needed for airborne LiDAR collection (from
ESRI, 2016). Right: Returns available for collection (from ESRI, 2016).
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The high quality of the LiDAR files provides an opportunity to create a high
resolution DEM (Digital Elevation Model) for further analyses. A DEM is a
“representation of continuous elevation values over a topographic surface by a regular
array of z-values, referenced to a common vertical datum” (ESRI, 2016). With the
completed two LAS datasets for Williamson and Bell County, a DEM was made with the
LAS Dataset to Raster tool, which “creates a raster using elevation, intensity, or RGB
values stored in LiDAR points referenced by the LAS dataset” (ESRI, 2016). The LAS
dataset needs to be in “Ground Setting” for the DEM to only display bare Earth. When
preparing the tool, the “Natural Neighbor” setting was selected for Triangulation
Methods, with triangulation cell values calculated from a triangulated model of the LAS
Dataset (ESRI, 2016). This ensures it “uses natural neighbor interpolation to determine
cell value” (ESRI, 2016). Since the two counties were surveyed in two different
resolutions (Figure 15), the lowest resolution of the two was then used when defining the
“CELLSIZE” on the “Sampling Type” of the tool. To achieve analogous results for the two
counties, the Williamson County section of the DEM was converted from feet to meters
with the Raster Calculator tool.
The Bell and Williamson DEMs were mosaiced to one raster using the Mosaic to
New Raster Data Management Tool (Figure 16). This tool allows multiple raster datasets
to be merged into a new raster dataset (ESRI, 2016). Parameters for the new raster are
set to have one band with a cell size of 1.4 m. The pixel type, an optional parameter that
controls the bit depth/radiometric resolution, must be changed to “16_BIT_SIGNED”,
which allows the values to range from -32,768 to 32,767 because the values of the two
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Figure 15. LiDAR availability of the counties the study area is located in. Larger sized
grids represent Bell County and smaller sized grids represent Williamson County.
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Figure 16. Digital Elevation Model of the study area. The lowest elevation on the study
area is 116 meters above sea level and the highest elevation is 369 meters above sea
level.
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original DEMS have values ranging from 116.653 to 369.417 causing the default setting
to display an incorrect DEM. The projected coordinate system used for the study area is
NAD 1983 UTM Zone 14.
Throughout the study area, especially along the highly active Interstate 35, there
are small cities and dense areas of anthropogenic modifications. These need to be
excluded from any geologic analyses executed for this study since anthropogenic
activities alter and disturb the ground and create “fake” lineaments. Shapefiles of city
outlines were downloaded from TNRIS and added to the “File Database” created for all
the digitized features for this study. The shapefile of the southernmost city, Georgetown,
does not encompass all of the suburban areas located adjacently to the city so the
shapefile was edited to include the anthropogenic environments. Stock ponds and roads
were digitized as well to eliminate and/or identify any anthropogenic influence in the
study area. A shapefile was generated for the stock ponds and they were then digitized
with polygons. A shapefile for the main roads and highways was imported from TNRIS;
however, minor roads and driveways are not included; a base map from ArcGIS was
imported to assist in digitizing the minor roads and stock ponds. An editor session was
started to edit the road shapefile to add more polylines representing the remaining
unidentified roads. As mentioned previously, the area west of I-35 contains many
quarries. Due to the nature of quarries, the surrounding area may be disrupted and so,
they too, were digitized.
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Lineaments
One of the main aspects of this study was to identify lineaments that are
connected to geological and geomorphological origins related to the Balcones Faulting.
Lineaments of geological origin are considered to be those that correspond to the
surficial expression of faults, fracture zones, bedding planes, foliations, joints, lithological
contacts, and fold axes. Lineaments of geomorphological origin are considered to be
those that correspond to linear developed valleys, ravines, and branches of the drainage
system (Galanos and Rokos, 2006). Identification, digitization and extraction of
lineaments was completed by the use of ArcMap (ArcGIS 10.2/10.3 – ESRI). To
maximize the amount of lineaments identified and digitized, the DEM was reworked and
manipulated into several different images in order to display more lineaments. Four
different methods were utilized (Figure 17).
The first image analyzed for lineaments was the original DEM (Figure 17-A). For
the second image, Image Analysis processing was used (Figure 17-B). “The Image
Analysis window Processing section simplifies the experience of applying complex
processing and analysis techniques to layers of image and raster data in ArcMap”
(ESRI, 2016). By creating a temporary layer of shaded relief of the DEM with different
colors, lineaments were more easily digitized in the study area. Hillshade tool was the
third image used for manual lineament extraction (Figure 17-C and 17-D). This tool in
the 3D Analyst toolbox “creates a shaded relief from a surface by considering the
illumination source angle and shadows” (ESRI, 2016). The altitude of the illumination
was 45 degrees and the azimuth was analyzed from the northwest, northeast,
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Figure 17. Five different images used to locate and digitize lineaments: A) original DEM,
B) image analysis processing: creates a temporary layer of shaded relief, C and D)
hillshade with examples of different shade angles, E) slope derivative, F) completed
lineament shapefile overlain on the original DEM. Note, black rectangle represents one
kilometer.
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southwest, and southeast. The fourth method used for locating fault surface expression
was slope analysis (Figure 17-E). In order to further define potential boundaries between
en echelon faults within the Balcones Fault System in the study area, the slope and the
slope derivative were calculated using the Spatial Analyst tool in ArcMap. Figure 17-F
displays a selected view of the completed lineament shapefile lain over the original DEM
Statistical analyses of the fault lineaments were completed to identify lineament
density, frequency, average length, and the number of different orientation classes. With
these statistics, further analyses were possible. When the lineament analyses in ArcGIS
were completed, the attribute table was exported into Microsoft Excel. The X1, Y1, X2,
and Y2 values were imported into RockWorks17, which is a subsurface visualization
software produced by RockWare. By using the “Utilities Feature,” a bi-directional rose
diagram was created by using the endpoints of the lineaments. The rose diagram
displays the frequency of the fault lineaments in a given orientation.

Depressions
Karst development exists in the study area to a varying degree. By using the high
resolution 1.4m DEM created, depression and sinkhole features could be identified using
ArcGIS. ”Depression features are defined as cells in a DEM whose flow direction cannot
be assigned to one of its eight surrounding cells, no cells surrounding it are lower”
(Wang and Liu, 2005)
The first tool used to identify depression features within the study area was the
Zonal Fill Tool, a Spatial Analyst Tool. This filled depressions by “using the minimum
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cell value from a weight raster along the zone boundary” and creates a new raster image
(ESRI, 2016). The Raster Calculator allows the original DEM with depressions to be
subtracted from the filled DEM with no depressions and creates a new raster consisting
of only depression cells (Figure 18) (Stafford et al., 2008).
To complete further analyses, the raster image with the depression features was
delineated so that spatial attributes could be measured and classified. The depression
boundaries were identified through several steps using ArcGIS. Using the Raster
Calculator, the raster image was first converted from meters to centimeters. Second, the
Int tool (Spatial Analyst) reduced the decimal by “converting each cell value of a raster to
an integer by truncation” (ESRI, 2016). The LiDAR data for the study area has a vertical
accuracy of 14.8 cm. To account for potential instrumental errors, every value below 20
cm was eliminated using the SetNull feature in the Raster Calculator. This was followed
by using the Raster to Polygon tool, converting the DEM into polygon features (Figure
18A > B). The Simplify Polygon option was unchecked to decrease the number of
polygons of new sinkhole shapefile. The Dissolve tool was used to dissolve any
overlapping boundaries and to avoid duplicate polygons that form one feature, the
Create Multipart Features option must be unchecked (Figure 18B > C). Next, the Buffer
tool created a one meter buffer polygon around the depression shapefile to incorporate
the immediate surrounding area as a depression (Figure 18C > D). The Dissolve tool
was then run once more, using the same parameters as the first time it was run (Figure
18D > E). Lastly, the Smooth tool was used to smooth the polygon with a two meter
smoothing tolerance to remove sharp angles of the cell boundaries (Figure 18E > F).
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Figure18. Methods used for digitization and delineation of sinkhole features.
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While the depression identification process is beneficial in identifying all
depression features of the DEM, there is no tool to exclude depressions originating from
anthropogenic activities or natural influences making it necessary to further manipulate
the delineated depressions. To identify non-karst features, the delineated depressions
were identified and classified by their spatial attributes so all non-karst depressions
could be removed. Buffer distances were determined for each anthropogenic or natural
non-karst feature. Any depression located within this buffer was selected with the Select
by Location feature and deleted from the depression shapefile.
The first non-karst features to be analyzed and removed were depressions within
ten meters of any stream or creek (Figure 19a). By using hydrology tools in GIS, channel
networks were extracted and digitized from the study area DEM if they have an arbitrary
drainage density (Tarboton, 1997). To extract this information, the Fill tool was utilized
on the study area DEM, eliminating all depressions. Next, the Flow Direction tool was
used with the filled DEM as an input to “create a raster of flow direction from each cell to
its steepest downslope neighbor” (ESRI, 2016). The output raster from Flow Direction
tool is then processed into a new raster by the Flow Accumulation tool, which “calculates
accumulated flow as the accumulated weight of all cells flowing into each downslope cell
in the output raster” (ESRI, 2016). Each cell, dependent of the classification scheme but
with typically high flow accumulation values, represents an area of concentrated flow
(Chang, 2014). With defined creeks and streams in the new flow accumulation raster,
the Con tool was utilized. This Spatial Analyst feature tool, which “performs a conditional

47

Figure19. The anthropogenic and natural made features used when classifying and
filtering sinkholes. A) a 10 meter buffer was applied to creeks and streams; B) a 5 meter
buffer was applied to sinkholes and depressions; C) a 10 meter buffer was applied to
minor roads (green) and a 20 meter buffer was given to major roads (brown); D) a 20
meter buffer was applied to quarries; E) a 200 meter buffer was given to city border; and
F) any sinkhole not located within karst forming formation were deleted. Black
rectangular line in A, B, C, D, and E represents approximately one kilometer. Black
rectangular box in A-E represents one kilometer. Black rectangular box in F represents
ten kilometers. North is toward the top of the page in all images.
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if/else evaluation on each input cell” (ESRI, 2016) delineated streams and creeks with
cell values equal to or greater than 50,000 m2.
As mentioned previously, anthropogenic features such as major and minor roads,
cities, quarries and stock ponds were digitized. Several cities are located within the
study area including, most of Georgetown, Salado and Jarrell. Any depressions within
200 m of the city shapefiles were classified as non-karst and removed because these
regions are heavily impacted by anthropogenic activity (Figure 19e). Depressions within
five meters of a stock pond or a small body of water were removed (Figure 19b). Two
major types of roads in the study area were digitized, including major and minor roads.
Any depressions within 20 m of the major roads or 10 meters of the minor roads were
deemed as anthropogenically influenced features (Figure 19c). Quarries received a 20 m
buffer and any depressions within this distance were assumed to be associated with
quarry activities (Figure 19d).
Within the study area, there are only five geologic formations that are classified
as karst forming. These include the Georgetown, Edwards, Comanche Peak, Upper
Glen Rose, and Glen Rose formations (Figure 19f). The remaining geologic formations
of the study area are not associated with any karst processes; therefore, any
depressions within their boundaries were removed.
For further spatial correlation analyses, the filtered and completed sinkhole
shapefile was processed using the Zonal Statistics tool. With the sinkhole shapefile
being used as the zone input and the study area DEM as the raster input, the tool
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“calculates statistics on values of a raster within the zones of another dataset” (ESRI,
2016). The output data was used for density analyses.

Hydrochemistry
Groundwater studies in the State of Texas are performed and associated with the
Groundwater Resources Division (GRD) of the Texas Water Development Board
(TWDB). The GRD is responsible for monitoring groundwater levels and quality in all
minor and major aquifers in the state, retains water well records, and conducts regular
regional-scale groundwater modeling. The water well records are housed by the GRD
and the Groundwater Database (GWDB) can be accessed by the public on TWDBs
websites. Along with water quality data, miscellaneous information was retrieved from
the GWDB, including water well number, owner, water use, latitude, longitude, well
depth, well type, aquifer, water-level, and completion data.
Information retrieved from GWDB was imported into a Microsoft Excel workbook
for management and manipulation of large amounts of data. ArcGIS 10.3 has the ability
to import Excel sheets and display it as attribute tables or process the data into new
features for analysis. For each major geochemical constituent analyzed, a separate
Excel sheet was created and then imported into a File Geodatabase in ArcGIS. The
imported tables were then opened in ArcMap and displayed as XY representing
georeferenced data, which creates a temporary event layer of point features
representing the individual wells by using the latitude and longitude of each well. Each
event layer was then exported back to the File Geodatabase as a new point feature
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class. The new feature class was edited to separate wells from the Edwards and Trinity
aquifers for aquifer analyses.
Geochemistry data from wells located within the study area were extracted from
the GWDB data and imported into a file geodatabase to perform spatial distribution
analyses of naturally-occurring, dissolved, inorganic constituents. To better understand
the spatial distribution, the major constituents of the Trinity and Edwards aquifers were
processed as attribute tables. These constituents are total alkalinity (mg/L as CaCO3),
calculated bicarbonate ions (mg/L as HCO3), calcium (mg/L), calculated carbonate ions
(mg/L as CO3), total chloride (mg/L as Cl), dissolved fluoride (mg/L as F), total/calculated
hardness (mg/L as CaCO3), total iron (ug/L as Fe), magnesium (mg/L),
dissolved/calculated nitrate nitrogen (mg/L as NO3), total sodium (mg/L as Na), total
sulfate (mg/L as SO4), water temperature (Celsius), total dissolved solids (TDS) (mg/L),
and total tritium (tritium units).
Using a 3D Analyst tool, the water quality data was spatially interpolated to
display geochemical patterns through IDW analyses. The IDW tool ”interpolates a raster
surface from points using an inverse distance weighted (IDW) technique” (ESRI, 2016).
To form a better understanding of the geochemistry within the individual aquifers,
the well data was used to create piper diagrams. A piper diagram graphically represents
the water chemistry by plotting cations and anions on separate ternary plots, which are
then projected onto a rhomb. The cation ternary plots are comprised of sodium with
potassium, magnesium, and calcium, whereas the anion ternary plots are comprise d of
carbonate plus hydrogen carbonate, sulfate, and chloride. GW_Chart, a program

51

designed by the United State Geological Survey (USGS), has the ability to create graphs
specifically for groundwater-related studies. The anion and cation data of the two
aquifers was organized using Excel and imported into the GW_Chart program to
produce a piper diagram for the individual aquifers. By comparing the ionic composition,
the piper diagram can potentially provide information that indicates the chemistry of the
source rock and if any changes occur in regards to the geochemistry throughout the
study area.
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RESULTS

GIS analyses of fault lineaments, karst features (depressions/sinks), and water
well quality were completed to determine any spatial correlation between faulting and
hydrogeology.

Lineament Analyses
Lineament analyses were completed on the 1.4 m resolution DEM of the study
area in ArcGIS. Straight lines were digitized and saved in a personal file database for
further analyses; 5,223 fault lineaments were digitized ranging in length from 14 m to
1,881 m. The completed digitized lineament shapefile was then used as an input in the
Line Density tool to calculate a line density raster in meters per square kilometer. The
tool used the length of the lineament as a population field so the result was length
weighted (Figure 20).
A rose diagram was created in RockWare 17 to graphically display the
orientations and the frequency of the lineaments (Figure 21). This circular histogram
displays a primary orientation to the north-northeast and south-southwest, or
approximately 20 to 30 degrees and 200 to 210 degrees. The secondary trend is eastnortheast and west-southwest, or approximately 60 to 70 degrees and 240 to 250
degrees. The primary trend and secondary trend have orientations that are
perpendicular to north-northeast and east-northeast. The trend perpendicular to the
primary trend is east-southeast to west-northwest. The trend perpendicular to the.
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Figure 20. Fracture density (meters per square kilometer) created from the digitized lineaments.
Note high density of lineaments within black box.

Figure 21. Rose diagram created from digitized lineaments in the study area. Red outline
represents the primary trend. Green outline represents the secondary trend.
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secondary trend is south-southeast to north-northwest. These perpendicular trends likely
represent rotational blocks of the Balcones Fault Zone.

Karst Feature Analyses
Depression features were identified within the 1613 km2 study area using a 1.4 m
resolution DEM processed from LiDAR data. Using the DEM, the Sink tool was utilized
to find any depressions, natural and anthropogenic, and then further delineated to create
a polygon shapefile with the Raster to Polygons tool. After this process, each depression
was represented by an individual polygon; 534,521 depressions were recognized after
completing the process of delineating polygons.
The process of extracting depressions from the DEM does not differentiate
between sinks originating from anthropogenic, natural or karstic activities. Using digitized
anthropogenic and natural-made features, depressions were classified. To select and
eliminate any depressions that are non-karst related, the Select by Location feature was
utilized. Streams and creeks, roads, cities, ponds and quarries received a unique buffer
and any depressions within these buffers were assumed to be associated with that
particular feature (Table 1). Streams and creeks received a buffer of 10 meters, which
removed 49,446 depressions. Roads were identified as either being a major or minor
road. Paved roads were classified as major roads and received a 20-meter buffer that
resulted in the elimination of 36,305 depressions. A 10-meter buffer on the minor roads,
which included dirt and gravel roads, removed 17,519 depressions. There are several
cities located in the study area and these received a 200-meter buffer that eliminated
36,889 depressions. Stock ponds are a frequent feature within the study area due to
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Table 1. Number of non-karst features filtered and removed from sinkhole shapefile.
Composite total represents the actual total used when executing sinkhole analyses.

Feature

Buffer
(meters)

Total
depressions

Number of
features
removed

Number of
features
retained

Creeks/Streams

10

534,521

49,446

485,075

Major Roads
(paved)

20

534,521

32,973

501,548

Minor Roads
(Dirt/Gravel)

10

534,521

17,519

517,002

Cities

200

534,521

36,889

497,632

Ponds

5

534,521

4,046

530,475

Quarries

20

534,521

6,433

528,088

Geology

0

534,521

347,305

187,216

Other
Anthropogenic

0

534,521

77,028

457,493

424,333

110,188

Composite Total
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high ranching and agriculture activity. A 5-meter buffer around the stock bonds
eliminated 4,046 depressions.
Any depression within a geologic formation that was not classified as karstforming was removed bringing the potential sink feature total to 187,216. The high
presence of agricultural and other anthropogenic activities in the study area results in a
high number of man-made depressions, which were manually removed. After this
elimination process, 110,188 potential sinkholes were retained and used for analyses.
The Point Density tool was utilized to calculate the km2 area representing the
density of the sinkholes. The map was weighted on the number of sinkhole features
within the area (Figure 22). The Sinkhole Density map shows that there is a greater
accumulation of potential sinkholes in the north-central region of the study area in Bell
County.

Hydrochemistry
Geochemistry data from water wells were collected from the TWDB GWDB. Well
data from 1975 to 2016 were mapped using the IDW tool in ArcGIS and classified based
on standard deviation. Average geochemical compositions and standard deviations are
reported in Table 2 and spatial analyses maps appear in the Appendix. Alkalinity,
bicarbonate, chloride, magnesium, sodium, sulfate, and TDS in both the Trinity and the
Edwards aquifers display high concentrations in the eastern region of the study area.
This represent the bad water zone which is adjacent / east of Interstate 35 and is
present in the majority of the Edwards Aquifer. The boundary between the artesian water

58

59
Figure 22. Sinkhole density map showing number of sinkholes per square kilometer.

Table 2. Groundwater chemistry well record summary
Number of
Well
Records

Average
Value
(Edwards)

Average
Standard
Deviation
(Edwards)

Average
Value
(Trinity)

Average
Standard
Deviation
(Trinity)

Alkalinity

194

286.4 mg/L

60.4

367.9 mg/L

61.1

Bicarbonate

194

348.6 mg/L

74.1

367.9 mg/L

74.2

Calcium

191

72.45 mg/L

39.1

58.48 mg/L

39.4

Carbonate

191

0.555 mg/L

5.2

3.857 mg/L

6.6

Chloride

200

88.403 mg/L

127.4

138.5 mg/L

131.3

Fluoride

197

2.395 mg/L

5.2

3.359 mg/L

5.4

Hardness

199

264.9 mg/L

127.6

257.5 mg/L

130.0

Iron
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108.06 ug/L

390.2

184.6 mg/L

347.0

Magnesium

196

20.9 mg/L

47.4

40.1 mg/L

48.8

Nitrate

191

11.1 mg/L

15.2

7.16 mg/L

13.2

Sodium

193

148.9 mg/L

223.6

285.8 mg/L

263.6

Sulfate

198

166.1 mg/L

295.7

405.7 mg/L

459.9

Temperature

114

22.42 C°

2.3

24.37 C°

36.3

Total Dissolved
Solids

197

688.4 mg/L

645.5

1152 mg/L

881.9

Constituent
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of the Edwards Aquifer and the bad water line forms a sharp contact due to the presence
of major regional faulting (Hauwert and Vickers, 1994).

Alkalinity (Appendix Figure A1)


Alkalinity levels in the Edwards have a higher concentration in the northeastern,
northwestern, and southwestern region. Lower levels are concentrated in a band
stretching south to north in the central region of the study area. The lowest value
reported for alkalinity is 21.98 mg/L and the highest is 524.2 mg/L.



Alkalinity levels in the Trinity have a higher concentration in the north and the
southwestern regions of the study area. Lower alkalinity levels are concentrated
in eastern regions and stretches in a thin section towards the west between
higher levels. The lowest value reported for alkalinity is 128.9 mg/L and the
highest 587 mg/L.

Bicarbonate (Appendix Figure A2)


Bicarbonate levels in the Edwards Aquifer are higher in the northeast, northnorthwest and southwest. In a wide band stretching from south to north in the
eastern area of the study area, bicarbonate is lower. The lowest value reported
for bicarbonate is 26.82 mg/L and the highest is 639.7 mg/L.



Within the Trinity Aquifer, carbonate levels are highly concentrated in the
northwestern region of the study area, whereas in the eastern and central
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regions of the study area the concentrations are low. The lowest value reported
for bicarbonate is 128.88 mg/L and the highest is 586.98 mg/L.

Calcium (Appendix Figure A3)


Higher calcium levels in the Edwards Aquifer are concentrated to the north and
east-southeast. Calcium levels are lower in the east in the study area. The lowest
value reported for calcium is 0.7655 mg/L and the highest is 169.11 mg/L.



Calcium levels in the Trinity Aquifer are highly concentrated in the east to
southeastern region of the study area; lower calcium levels are present in the
northern section. The study area is dominated with calcium levels that are in the
middle of the range. The lowest value reported for calcium is 7.045 mg/L and the
highest is 360.7 mg/L.

Carbonate (Appendix Figure A4)


The majority of the Edwards Aquifer has carbonate values registered at 0. The
highest concentrations of carbonate values are located in smaller areas in the
east, north and the south. Carbonate levels range from 0 mg/L to 17.9 mg/L.



Carbonate levels in the Trinity Aquifer are dominantly in the lower levels for the
majority of the study area. Higher carbonate concentrations are found in the east,
north and west. Carbonate levels range from 0 mg/L to 44.9 mg/L.
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Chloride (Appendix Figure A5)


Chloride levels in the Edwards Aquifer are higher in the east-northeastern area of
the study area. Low levels of chloride are found throughout the remainder of the
study area. In the northcentral regions there are small, circular areas with
concentrations varying from high to low. The lowest value reported for chloride is
1.62 mg/L and the highest is 742.73 mg/L.



Within the Trinity Aquifer, higher chloride levels are concentrated in the eastern
part of the study area. The remainder of the aquifer has low chloride levels,
except for smaller areas of higher concentrations. The lowest value reported for
chloride is 0.211 mg/L and the highest is 974.25 mg/L.

Fluoride (Appendix Figure A6)


Higher fluoride levels in the Edwards Aquifer are concentrated in the eastnortheast of the study area. The remainder of the study area consists of low
levels of fluoride. The lowest value reported for fluoride is 0.05 mg/L and the
highest is 36.5 mg/L.



For the majority of the Trinity Aquifer in the study area, fluoride levels are low and
range from 0.2 to 4.8 mg/L. The exception is a circular area in the southwestern
region with higher concentrations of 10.8 to 49.9 mg/L. The lowest value reported
for fluoride is 0.2 mg/L and the highest is 49.9 mg/L.
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Hardness (Appendix Figure A7)


Within the western region in the study area, hardness levels in the Edwards
Aquifer tend to be higher and then gradually decrease eastwards. The lowest
value reported for hardness is 2.57 mg/L and the highest is 509.8 mg/L.



Hardness levels in the Trinity Aquifer are highly concentrated in the western and
southern area of the study area with some higher levels appearing in the east.
Low levels appear in the central and northern area of the aquifer within the study
area. The lowest value reported for hardness is 1.74 mg/L and the highest is
877.8 mg/L.

Iron (Appendix Figure A8)


Higher iron levels in the Edwards Aquifer are concentrated in the northeast and
southwest. The central region of the study area has a low iron concentration. The
lowest value reported for iron is 1.273 ug/L and the highest is 1,770 ug/L.



Within the Trinity Aquifer, iron levels are higher in the north central and
southwestern region of the study area. The remainder of the study area has a
low iron concentration. The lowest value reported for iron is 0.1218 ug/L and the
highest is 1,200 ug/L.

Magnesium (Appendix Figure A9)


Within the Edwards Aquifer, magnesium levels of higher concentrations are
scattered throughout the study area. There is no consistent pattern of the
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magnesium concentrations except that some higher levels are located along
Salado Creek. The lowest value reported for magnesium is 0.311 mg/L and the
highest is 65.85 mg/L.


Magnesium levels in the Trinity Aquifer are highly concentrated in a small area in
the western section of the study area. The lowest value reported for magnesium
is 1.738 mg/L and the highest is 629.2 mg/L.

Nitrate (Appendix Figure A10)


Nitrate levels within the Edwards Aquifer are higher in the west-northwest while
lower levels dominate in the east. The lowest value reported for nitrate is 0.0245
mg/L and the highest is 110.4 mg/L.



Higher levels of nitrate found within the Trinity Aquifer are concentrated in the
center of the study area. Along the borders, nitrate levels are low. The lowest
value reported for nitrate is 0.00848 mg/L and the highest is 44.77 mg/L.

Sodium (Appendix Figure A11)


High sodium levels within the Edwards Aquifer are highly concentrated in the
east-northeast and the north. The remainder of the study area is dominated by
low levels of sodium. The lowest value reported for sodium is 1.761 mg/L and the
highest is 1,319 mg/L.

65



Sodium levels in the Trinity are higher in the east and north with lower levels
separating the higher concentrations and dominating the study area. The lowest
value reported for sodium is 6.663 mg/L and the highest is 1,577 mg/L.

Sulfate (Appendix Figure A12)


Sulfate levels of higher values in the Edwards Aquifer are concentrated in the
east and have scattered highs throughout the study area. Lower levels of sulfate
dominate the remainder of the water in the study area. The lowest value reported
for sulfate is 2.141 mg/L and the highest is 1,867 mg/L.



Higher sulfate values of water from the Trinity Aquifer are found in the eastern
and north central part of the study area. Lower sulfate values dominate the
southern and northeastern regions of the study area. The lowest value reported
for sulfate is 12.05 mg/L and the highest is 2,386 mg/L.

Temperature (Appendix Figure A13)


Water temperatures in the Edwards Aquifer are higher, 25. 5°C to 29.1°C, in the
east and gradually decreases towards the west-northwest. The lowest value
reported for temperature is 18.91°C and the highest is 29.13°C.



Water temperatures of the Trinity Aquifer are generally high with the average
being over 23 °C. Higher temperatures between 26 °C and 34.96 °C occur in the
eastern side of the study area with some scattered high points throughout the
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study area. Lower temperatures are found in the north central and western area.
The lowest value reported for temperature is 20°C and the highest is 34.96°C.

Total Dissolved Solids (Appendix Figure A14)


Within the Edwards Aquifer, TDS values are highly concentrated in the east with
scattered points of high values. Most of the study area displays values ranging
from 32.94 to 907 mg/L. The lowest value reported for TDS is 19.15 mg/L and
the highest is 4,262 mg/L.



High TDS values in the Trinity Aquifer are higher in the east and northwest.
Values ranging from 304.9 to1,434 mg/L dominate the majority of the water in the
study area. The lowest value reported for TDS is 251.6 mg/L and the highest is
5,123 mg/L.

Water Tables
The well data extracted from the GWDB provided water elevation values and the
IDW tool was utilized to produce a water table map for the Edwards and Trinity aquifers
from 2005 to 2016 (Figures 23 and 24). Figure 23 portrays the water levels within the
Edwards Aquifer. The northeastern section shows a large depressional feature, which
gradually increases in elevation towards the west, where a large dome-like structure
occurs. The Trinity Aquifer displays a large depression structure in the north central
region with water levels increasing to the east, northwest, and especially southwest
(Figure 24).

67

68

Figure 23. Water table map of the Edwards Aquifer. Note dome-like structure within black box. .
Also, note the dome-like structure marked by the black box in Figure 23, which spatially
correlates with lineament and sinkhole density highs.
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Figure 24. Water table map of the Trinity Aquifer. Note the dome-like structure within black box. The
large depression area, marked by the black box, occurs in the same location as the Edwards domelike structure.

Piper Diagrams
The cation and anion data for each aquifer were used as an input to create piper
diagrams to form a better understanding of the geochemistry (Figures 25 and 26). The
geochemistry of the Edwards is represented in the piper diagram in Figure 25. The
cation ternary plot indicates a linear transition from rocks dominated by carbonates to
rocks dominated by carbonates with minor presence of evaporites. The anion ternary
plot displays a similar trend of geochemistry that transitions from dominantly carbonates
and bicarbonates to including some chloride and sulfates. The geochemistry of the
Trinity is represented in the piper diagram in Figure 26. The cation ternary plot of the
Trinity exhibits similar trends to the Edwards Aquifer cation triangle, indicating a linear
transition from carbonates to carbonates with evaporites. Within the cation ternary plot,
the Trinity has a higher number of points / wells with high sodium and potassium values
compared to the Edwards piper diagram. However, the anion ternary plot of the Trinity
shows a higher concentration of sulfate, indicating there is more gypsum presence.
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Figure 25. Piper Diagram of the Edwards Aquifer. Each green circle represents and
individual well.
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Figure 26. Piper Diagram of the Trinity Aquifer. Each red triangle represents an
individual well.
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DISCUSSION

The general trend of the Edwards Aquifer displays a gradual increase in water
elevation from east to west, which correlates with the general dip of the
hydrostratigraphic formations. In the northwest section of the Edwards Aquifer, there is a
large dome-like structure, with an elevation of 190 to 200 meters above sea level. Small
water table elevation anomalies could potentially be a result of anthropogenic activity or
migration through fractures. South of this dome, the water elevation “V’s” westward, with
a corresponding decrease in water elevation. In the northeast, the water elevation is
depressed in a small concentrated area (Figure 23). There is a known bad water line
located east and running parallel to Interstate 35. Its presence is the result of the
Balcones Fault Zone, which separates the artesian water from the saline water. The
small dome-like structures seen and highlighted by the black box in the Edwards Aquifer
Water Table map spatially correlates with the high concentrations of certain geochemical
constituents (See Appendix Figure A1, A2, A3, A4, A12, and A14). The general trend of
the Trinity Aquifer displays an enormous depression in the north central section of the
study area with gradual increase in the water elevation towards the study area boundary
(Figure 24). Where the depression structure in Edwards is present in the east, a dome
structure is present in the Trinity Aquifer. In the southwest, the Trinity water elevation
increases and forms two dome-like structures. North of this structure, there is a large
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depressional feature, note the black outline in Figure 24. This feature spatially correlates
with the dome structure noted in the Figure 23 of the Edwards Aquifer and the patterns
of high and low concentrations of constituents noted below.
The lineaments found in the study area raster DEM have a primary trend of
northeast to southwest (Figure 21) with south-central Bell County containing the highest
density of lineaments. Williamson County contains fewer fractures than Bell County;
however, the large directional trend of the high-density lineament area is trending
southwest into Williamson County. Figure 22 shows sinkhole development in the study
area is present in the northwestern region. Sinkhole density is highest in the north
central area within Bell County, and the development trend is southwest to northeast.
The fractures and sinkholes display spatially correlatable directional trends in regards to
location and developmental trends.

Geochemical Spatial Correlations between Aquifers
Edwards Aquifer and the underlying Trinity Aquifer display similar spatial trends
in respect to their geochemistry; however, the Trinity Aquifer generally displays higher
geochemical values than the Edwards Aquifer.

Alkalinity
The spatial distribution of alkalinity in the Edwards Aquifer only correlates with
the Trinity in the northwest and northcentral areas of the study area. In this area
alkalinity levels of the water are higher than the surrounding areas (Appendix Figure A1).
Though the values are similar, they support the idea of cross-communication between
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the Edwards and Trinity aquifers. These small areas of scattered concentration
anomalies of both aquifers spatially correlate to a high degree, indicating that there is a
likely hydrological relationship.

Bicarbonate
Both aquifers have higher bicarbonate values in the northwest, southwest, and
northeast, with lower values occupying the remainder of the study area (Appendix Figure
A2). There are small areas of scattered bicarbonate values in the north central area that
are seen in both aquifers. In both aquifers these scattered bicarbonate values have
similar spatial trends. The anomalies seen in the individual aquifers spatially correlate,
providing evidence that supports the idea of aquifer cross-communication.

Chloride
There is a clear correlation in the spatial distribution of chloride levels in the
Edwards and Trinity aquifers (Appendix Figure A5). The eastern section displays a high
concentration of chloride levels in both aquifers and then gradually decreases in value
westward. Numerous scattered areas are present in the north central region that have
southwest to northeast trends. In the Edwards, these scattered areas have higher values
than the surrounding area, whereas in the Trinity these scattered areas have lower
values than their surrounding areas. These small areas of scattered chloride anomalies
that spatially correlate in both aquifers indicate a possible hydrological relationship and a
potential for cross-communication.
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Iron
Iron values in both the Edwards and Trinity aquifers display higher
concentrations in the northeast and southwest with lower values in the center of the
study area (Appendix Figure A8).

Nitrate
Both the Edwards and Trinity aquifers have areas of high nitrate concentrations
that are located in the same central area of the study area (Appendix Figure A10). The
surrounding areas differ for the two aquifers.

Sodium
Spatial distribution of sodium is similar for both the Edwards and Trinity aquifers
with higher values in the east and north and lower values dominating the remainder of
the study area (Appendix Figure A11). In the north central region of both aquifers, small
areas of high and low concentration express a northeast to southwest trend. These small
areas have either a lower or higher sodium value than the surrounding region. The
Edwards Aquifer sodium anomalies spatially correlate with the sodium anomalies seen
in the Trinity Aquifer, indicating potential aquifer cross-communication.

Sulfate
Both the Edwards and Trinity aquifers have higher concentrations of sulfate in
the eastern region of the study area (Appendix Figure A12). The values gradually
decrease when moving west with scattered points of higher sulfate values in the north
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central region. These scattered points have higher or lower sulfate values than the
values of the surrounding region, and have a general trend of northeast to southwest.
These sulfate anomalies spatially correlate in both aquifers, providing evidence for
potential aquifer cross-communication.

Temperature
Spatial distribution of water temperature patterns is similar for the two aquifers;
however, the values do not correlate. Within the eastern region of the study area,
temperatures are higher relative to the western portion of the study area, and gradually
decrease to the west (Appendix Figure A13). The temperature of the water present in
the Trinity is in general higher than the water in the Edwards. This is likely due to the
Trinity Aquifer being located at a greater depth than the Edwards Aquifer.

Total Dissolved Solids
Spatial distribution of TDS values is similar for the Edwards and Trinity aquifers
(Appendix Figure A14). Higher levels are present in the north central and eastern part of
the study area with an area of lower values extending south to north. Anomalies of TDS
values are seen in the north central region in both aquifers. These scattered anomalies
either have higher or lower values than its surrounding region. Where these anomalies
have a higher value in the Edwards Aquifer TDS map, it has lower values in the Trinity
Aquifer TDS map, indicating a possible hydrological relationship.
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Other constituents
Constituents that did not display any correlation between the Edwards and Trinity
aquifer include calcium, carbonate, fluoride, hardness, and magnesium (Appendix
Figures A3, A4, A6, A7, and A9).

Sinkhole Spatial Correlation to Geochemistry
The sinkhole density map for the study area was compared to the geochemical
maps of the Edwards and underlying Trinity Aquifer (Figure 22 and Appendix Figures).

Alkalinity
Spatial correlation between sinkhole densities (Figure 22) of the study area and
the spatial distribution of alkalinity levels (Appendix Figure A1) in the Edwards Aquifer
correlate only in the northcentral area. There is a higher concentration of alkalinity, which
correlates with a high density of sinkholes. The Trinity portrays similar spatial correlation
patterns as the Edwards Aquifer, with higher concentrations of alkalinity in the north
central region. This correlation supports possible cross-communication between the two
aquifers.

Bicarbonate
The area with highest sinkhole density in the north central region of the study
area (Figure 22) correlates with high concentrations of bicarbonate in the Edwards
Aquifer (Appendix Figure A2). Sinkhole density spatially correlates with the very high
bicarbonate levels in the north central region. As mentioned previously, the bicarbonate
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levels are similar to alkalinity levels, hence the Trinity Aquifer portrays the same spatial
distribution and correlation as the bicarbonate levels in the Edwards. The similarity in the
trends and its spatial correlation with sinkhole density further supports crosscommunication between the Edwards and Trinity aquifers through karst processes.

Calcium
Calcium levels of the Edwards Aquifer (Appendix Figure A3) do not display a
strong spatial correlation with the sinkhole density map (Figure 22). The calcium map
displays an increase in the calcium in the north central region of the study area, where
the sinkhole density is the highest. Unlike the Edwards Aquifer, the Trinity Aquifer
displays a decrease of calcium in the north central region.

Carbonate
Though there were few records of carbonate values in the Edwards Aquifer,
there is a clear spatial correlation between the highest sinkhole density in the north
central region (Figure 22) and the carbonate levels (Appendix Figure A4) indicating a
strong correlation with karst development. The Trinity Aquifer carbonate values do not
support or reflect any correlation.

Chloride
Chloride levels (Appendix Figure A5) of the Edwards Aquifer do not display a
strong spatial correlation with the sinkhole density map (Figure 22). Within the Edwards
Aquifer, there is a very small area of highly concentrated chloride located in the same
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area as the highest sinkhole density area. The sinkhole density map displays a highly
dense cluster of sinkholes in the north central region, and in the southern area of this
cluster there is a decrease in density (Figure 21), which correlates with a decrease in
chloride values to the southeast of the concentrated area mentioned previously. The
Trinity Aquifer chloride values do not support or reflect any sort of correlation.

Magnesium
Spatial correlation between sinkhole densities of the study area (Figure 22) and
the spatial distribution of magnesium levels in the Edwards Aquifer (Appendix Figure A9)
only occurs in the north central area. There is a higher concentration of magnesium that
correlates with a cluster of high sinkhole density. The Trinity Aquifer magnesium values
do not support or reflect any correlation.

Sodium
Sodium levels of the Edwards Aquifer (Appendix Figure A11) do not display a
strong spatial correlation with sinkhole density (Figure 22). Within the Edwards Aquifer,
there is a very small area of highly concentrated sodium located in the same area as the
highest sinkhole density area. The sinkhole density map displays a highly dense cluster
of sinkholes in the north central region, and in the southern area of this cluster there is a
decrease in density (Figure 22), which correlates with a decrease in chloride values to
the southeast of the concentrated area mentioned previously. The Trinity Aquifer sodium
map displays an increase in sodium concentration, which vaguely correlates with the
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sinkhole density map and its cluster of high density. Though the values are weak, they
support the idea of cross-communication between the Edwards and Trinity Aquifer.

Sulfate
The area with highest sinkhole density in the north central region of the study
area (Figure 22) correlates with smaller areas of high concentrations of sulfate values in
the Edwards Aquifer (Appendix Figure A12). Sinkhole density spatially correlates with
the scattered concentrations of sulfate in the north central region. Trinity Aquifer portrays
the same spatial distribution and correlation as the sulfate levels in the Edwards. The
similarity in the trends and its spatial correlation with sinkhole density, further supports
cross-communication between the Edwards and Trinity aquifers.

Total Dissolved Solids
The area with highest sinkhole density in the north central region of the study
area (Figure 22) correlate with smaller areas of high concentrations of TDS values in the
Edwards Aquifer (Appendix Figure A14). The TDS map of the Trinity Aquifer displays an
increase in TDS concentration, which vaguely correlates with sinkhole density and
specifically the cluster of high density. The similarity in trends and spatial correlation with
sinkhole density supports cross-communication between the Edwards and Trinity
aquifers.
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Other constituents
Constituents that did not display any correlation between sinkhole density and
spatial trends include fluoride, hardness, iron, nitrate, and temperature (Appendix
Figures A6, A7, A8, A10, and A13)

Lineament Spatial Correlation to Geochemistry
The lineament density map displays a trend of high density patterns stretching
northeast to southwest through the northern half of the study area (Figure 19). The
majority of the geochemical constituents analyzed for spatial correlation and the
lineament densities display, to varying degree, a similar directional pattern (Appendix
A1, A2, A5, A9, A11, A12, and A14). Major directional trends of lineament density
correspond with the primary orientation of the rose diagram (Figure 21).
Alkalinity and bicarbonate values (Appendix Figures A1, A2) in both the Edwards
and Trinity aquifers portray a trend of increased values in the same area as the
lineament density highs (Figure 20). This provides evidence for cross-communication
between the two aquifers along fractures in the high lineament density area The linear
trend of varying high and low values indicate probable communication from the Edwards
into the Trinity in the low values and recharge into the Edwards from the Trinity in the
high values.
Where lineament density is high, calcium values in the Edwards Aquifer range
from 83.29 to 104.9 mg/L (Appendix Figure A3) but display a northeast to southwest
trend of lower value areas in vaguely the same area as the lineaments (Figure 20). The
Trinity Aquifer displays a similar trend, however the values range from 7.045 to 18.8
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mg/L, with lower values scattered from the southwest to the northeast, correlating to the
lineament densities.
Chloride levels in both the Edwards and Trinity aquifers display a southwest to
northeast trend of chloride values in the north central region of the study area (Figure
5A). The spatial distribution of the chloride correlates with the lineament density highs
provides evidence for cross communication and establishes a correlation between
hydrogeology and lineament location.
The Edwards Aquifer fluoride map displays directional trend of scattered highs
(Appendix Figure A6) that spatially correlates to the highs seen in the lineament density
map (Figure 20).
The magnesium map displaying Edwards Aquifer concentrations present a clear
trend of values stretching from the southwest of the study area to the northeast
(Appendix Figure A9). Values vary and there are both lows and highs along this trend.
This directional trend spatially correlates with the lineament density patterns (Figure 20)
indicating a relationship between the hydrogeology and the lineaments.
There are two directional trends apparent in the Edwards Aquifer nitrate map
(Appendix Figure A10) that correlate with the directional trend of the line density map
(Figure 20). The northernmost “leg” is consistent of low and high values while the
southernmost “leg” is consistently made up of high values. The higher values likely
signify recharge and potential cross communication to the Edwards from the Trinity and
the lows likely signify discharge and potential cross communication from the Edwards to
the Trinity.
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Sodium, sulfate, TDS values in the Edwards Aquifer display a southwest to
northeast trend of scattered points that range from low to high values (Appendix Figures
A11, A12, A14), which correlate with lineament density (Figure 20). The aquifers and
lineament densities represent probable cross-communication between the Edwards and
Trinity aquifers and supports the theory that groundwater cross-communication is
controlled by lineament (fracture) location and density.

Composite Spatial Correlations
The high geochemical concentrations that appear along the southwest to
northeast directional trend that correlate with lineament density likely represent crosscommunication areas where the Trinity Aquifer is recharging the Edwards Aquifer
(Appendix Figures A1, A2, A5, A9, A11, A12, A14 and Figure 20). Whereas the low
values represent areas where the Edwards Aquifer is discharging into the Trinity Aquifer.
The spatial correlation between the lineament densities and the patterns of constituents
indicate cross-communication and probable structural control on hydrogeology in the
area. Similarly, high concentrations of sinkholes correlated with elevated geochemical
constituents suggest that karst dissolution is more prominent in these highly-fractured
regions.
The maps displaying chloride, hardness, sodium, sulfate, water temperature, and
TDS all have highly concentrated values in both the Edwards and the Trinity aquifers
that correlate; magnesium only displays this pattern in the Edwards Aquifer. This highly
concentrated area in the eastern region represents a bad water zone that occurs where
the aquifers have been significantly down-dropped into the subsurface on the eastern
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edge of the Balcones Fault Zone. In the bad water zone, long residence time and
decoupling from meteoric processes results in elevated geochemical constituent
concentrations in groundwater.
The alkalinity, bicarbonate, carbonate, chloride, fluoride, magnesium, nitrate,
sodium, sulfate, and TDS maps all display small areas of higher values (Appendix
Figures A1, A2, A5, A9, A11, A12, and A14), which spatially correlates with this outlined
region in Figure 19. These areas also correlate with the water table dome outlined in the
Edwards Aquifer water elevation map (Figure 23) and the water table depression
outlined in the Trinity Aquifer water elevation map (Figure 24), indicating possible
relationship between the aquifers, structure and the hydrogeology. It appears that there
is probable cross-communication between the Edwards and Trinity aquifers, causing
interchanging of constituents resulting in a slight elevation of the water table in the
Edwards Aquifer (Figure 23, see black outline). The region of high total dissolved solids
in the eastern part of the study area is geochemically similar to the bad water zone,
indicating possible deep fluid communication between the Edwards, Trinity and
underlying aquifer systems suggesting deep flow paths.

Geochemistry - Piper Diagrams
The trends seen in the piper diagrams created for the Edwards and Trinity
Aquifer indicate that there is a distinct transition in geochemical makeup within the
aquifers across the study area (Figure 25 and 26). The cation and anion ternary plots of
the piper diagrams for both the Edwards and Trinity aquifers indicate that there is a
transition of carbonate-dominated rocks to carbonate rocks with a minor presence of
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evaporites beds. The cation ternary plots of both aquifers indicates that there is an area
of higher values of potassium and sodium, which would likely correlate with the bad
water zone seen in the east of most geochemical maps (Appendix Figure A1, A2, A5,
A9, A11, A12, and A14). This linear transitional trend correlates with the overall change
seen in the geochemical maps from lower values in the western region to the higher
values in the eastern region, which represents the bad water zone (Appendix Figures
A1, A2, A5, A9, A11, A12, and A14). The higher sulfate values in the Trinity Aquifer seen
in the anion triangle indicate that there is probably a higher presence of gypsum,
whereas in the Edwards Aquifer there is a higher presence of halite.
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CONCLUSION

Potential cross-communication between the Edwards and Trinity aquifers and
various geologic surface influences were studied using LiDAR data from TNRIS and
water well data from TWDB. ArcGIS provides an effective tool when analyzing spatial
distribution of geologic and geochemical data. By comparing maps of inorganic
geochemical constituents for each aquifer and comparing these to lineament and
sinkhole density and geochemical diagrams, evidence of relationships becomes
apparent.
The lineaments, or conjugate joints, extracted and digitized from the study area
DEM have a primary trend of southwest to northeast that is similar to the primary trend
of Balcones Fault Zone. The majority of the joints and sinkholes discovered were
present in south-central Bell County. Sinkhole development is only present in the
western region of the study area with a similar directional trend as the conjugate joints.
The relationship between joint density and sinkhole density are strong in certain areas
and are of less significance in others, suggesting that there is another reason for
sinkhole development such as lithological dominance in sinkhole development over
sinkholes developing due to the presence of fractures and joints.
Evidence of probable cross-communication between the Edwards and Trinity
aquifers is visible in the north central region of the study area where there is a strong
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correlation of areas with high and low concentrations of geochemical constituents. Low
values likely represent zones where the Edwards Aquifer is discharging into the Trinity
Aquifer, and high values likely represents zones of recharge from the Trinity Aquifer into
the Edwards Aquifer. These zones of high and low concentrations also correlate with the
location with highest density of lineaments and the highest density of sinkholes. This
indicates a strong relationship between hydrogeology and sinkhole formation and
provides strong evidence for structural influence on groundwater behavior. The small
zone of highly concentrated constituents has the strongest relationship with fracture
development regarding spatial distribution. The geochemical constituents found in the
high concentration zones in the north central zone are geochemically similar to the bad
water zone in the eastern region of the study area.
To better visualize the cross-communication of the aquifers, three conceptual
cross-section models were designed. Three cross-section lines were carefully selected
to portray water and constituent movement in the subsurface (Figure 27). These were
created based on the lineament density map, the water table elevation maps and the
geologic map of the study area (Figures 9, 20, 23, and 24). The locations of the
Balcones normal faults in the cross sections are based on areas with high fracture
densities. Cross-section A-A’ portrays the bad water zone in the east moving towards
the center of the study area and forming a plume of bad water due to water movement
along the fracture zones originating from Balcones Faulting (Figure 28) This plume
represents the highly concentrated area of constituents seen in Appendix Figures A1,
A2, A9, A11, A12, and A14. Cross-communication from the Edwards to the Trinity is
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Figure 27. Geologic map portraying the three cross section lines used for conceptual
cross-contamination models in figures 28, 29, and 30.
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Figure 28. Conceptual model of “bad water” cross-communication. Bad water zone
represented by red overlay has been transported as a cone of ascension along faulting (note
black box) due to probable heavy exploitation. Dashed lithologic boundaries are approximate.

displayed in Figure 29, where water from the Edwards Aquifer moves vertically
downward in the fracture zone of the Balcones Fault Zone and forms a plume within the
Trinity Aquifer. Figure 30 displays the cross-communication from the Trinity Aquifer to
the Edwards Aquifer, where water from the Trinity Aquifer moves almost vertically
upwards through the fracture zones of the Balcones and intrudes into the Edwards
Aquifer as a plume.
High resolution DEMs processed from LiDAR provided excellent data for spatial
analyses. However, issues arose when mosaicing the DEM for the study area since it is
located in both Bell and Williamson counties. The Bell County data, collected in 2007
and 2015, was processed in meters and Williamson data, collected in 2011, was
processed in feet creating issues related to the z-values. Water quality data retrieved for
water wells in the study area provided valuable evidence for potential crosscommunication. The quick recharge of the Edwards Aquifer may influence the validity of
the data and temporal variability more probable. As well as the temporal variation in
sampling, some of the constituents were sparsely reported, which reduced the accuracy
of spatial modeling.
With evidence for population growth in the Austin area and along Interstate 35,
understanding the hydrogeology of the region is extremely important. The region
between Georgetown and Temple will experience rapid growth in the upcoming decade
as expansion from metropolitan areas extends along the Interstate 35 corridor. As urban
development increases, as seen in Figures 3 and 4, aquifer systems will be heavily
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Figure 29. Conceptual model of cross-communication between the Edwards and Trinity Aquifer.
Note black box where water from the Edwards is moving down into the Trinity Aquifer. Dashed
lithologic boundaries are approximate. Blue arrows represent direction of fluid migration.
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Figure 30. Conceptual model of cross-communication between the Edwards and Trinity Aquifer.
Note black box where water from the Trinity is moving down into the Edwards Aquifer. Dashed
lithologic boundaries are approximate. Blue arrows represent direction of fluid migration.

exploited, increasing the importance of establishing best management practices today to
conserve the aquifer systems. Studies such as this can assist in future infrastructure
development within Bell and Williamson counties, as well as provide the counties with a
method to create maps for locating potential geo hazards such as sinkholes and
fractures.

Future studies
To better understand the geochemistry and geology of the northern Edwards
Aquifer, more geochemical data is needed to improve spatial models. Future studies
should encompass select watersheds within the study area where groundwater recharge
/ discharge can be directly assessed through stream gauging and geochemical
monitoring on larger creeks and streams such as Salado Creek, especially in regions of
high fracture concentration. Lineament data can be used to select stations for data
collection on the upstream and downstream sides of the fractures/faults that either cross
or come near the creeks to determine if they have any influence on local hydrology,
introducing monthly physiochemical data to determine if the faults have any influence on
the hydrogeology. Future studies will enable quantification of fracture-controlled fluid
communication and provide essential data for developing local management plans for
the future.
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APPENDIX:
GEOCHEMICAL CONSTITUENT MAPS
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Figure A1. Spatial interpolation of alkalinity levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A2. Spatial interpolation of bicarbonate levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A3. Spatial interpolation of calcium levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A4. Spatial interpolation of carbonate levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A5. Spatial interpolation of chloride levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A6. Spatial interpolation of fluoride levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A7. Spatial interpolation of hardness levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A8. Spatial interpolation of iron levels in the Edwards (top) and Trinity (bottom)
aquifers retrieved from TWDB well data in the study area.
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Figure A9. Spatial interpolation of magnesium levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A10. Spatial interpolation of nitrate levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.

110

Figure A11. Spatial interpolation of sodium levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A12. Spatial interpolation of sulfate levels in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A13. Spatial interpolation of water temperature in the Edwards (top) and Trinity
(bottom) aquifers retrieved from TWDB well data in the study area.
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Figure A14. Spatial interpolation of TDS levels in the Edwards (top) and Trinity (bottom)
aquifers retrieved from TWDB well data in the study area.
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